Toluene-induced cells of Pseudomonas putida Fl removed trichloroethylene from growth media at a significantly greater initial rate than the methanotroph Methylosinus trichosporium OB3b. With tolueneinduced P. putida Fl, the initial degradation rate varied linearly with trichloroethylene concentration over the range of 8 to 80 ,uM (1.05 to 10.5 ppm). At 80 ,uM (10.5 ppm) Organisms and culture conditions. The strains used in this study are listed in Table 1 . To generate cell mass for TCE transformation studies, P. putida F strains were grown on a mineral salts medium (20) containing 0.2% (wt/vol) L-arginine with toluene supplied in the vapor phase as described previously (3). Typically, 100-ml cultures in 500-ml Erlenmeyer flasks were grown at 30°C with shaking at 180 rpm. The revertant strain P. putida F4a was generated by inoculating P. putida F4 into mineral salts medium containing 0.02% (wt/vol) arginine and toluene supplied as before. The culture was grown to late exponential phase and transferred into fresh growth medium until a yellow color appeared in the culture filtrate, indicating that toluene was being oxidized to produce 2-hydroxy-6-oxo-2,4-heptadienoic acid. Organisms were plated onto mineral salts solid medium containing 2% (wt/vol) agar with toluene supplied in the vapor phase as described previously (3) . A large colony was picked and designated P. putida F4a. Methylosinus trichosporium OB3b was grown on Higgins medium (4) at 30°C with shaking at 180 rpm under an atmosphere of 30% (vol/vol) methane in air. GC. Gas chromatography (GC) analysis was conducted with a Hewlett-Packard 5790A series gas chromatograph equipped with a 30-m RSL-160 polydimethylsiloxane column (Alltech Associates, Deerfield, Ill.) and electron capture or flame ionization detection systems. Samples were applied with a Hewlett-Packard 7672A autosampler, and peak integrations were obtained with a Hewlett-Packard 3390A integrator. The following operating conditions were used; injector temperature, 150°C; detector temperature (electron capture detector), 250°C; column temperature, 35°C run to 150°C at 15°C/min postinjection; hydrogen carrier flow, 6 ml/ min. Under these conditions, TCE and EDB (internal standard) had retention times of 5.3 and 6.9 min, respectively.
Trichloroethylene (TCE) is an Environmental Protection Agency priority pollutant, and 178 million pounds were used by American industry in 1985 (21) . It is a suspected carcinogen in rats (15) . Thus, the fate of TCE in water supplies is of great interest. Concerns over the presence of TCE in groundwater are heightened by reports that some anaerobic bacteria biotransform TCE to vinyl chloride. This latter compound is well documented to be tumorigenic in mammals (14) .
In light of the above observations, there have been extensive efforts to document the biodegradation of trichloroethylene by microbes. Consortia of anaerobic microorganisms have been shown to degrade TCE (7, 25) . Mixtures of bacteria that proliferate under aerobic conditions have been reported to be stimulated in their TCE-degrading activities by the addition of methane (28) . More recently, three bacterial pure cultures that catabolize toluene, strain G4, Pseudomonas putida Fl, and P. putida B5, have been demonstrated to biodegrade TCE (16) (17) (18) . Furthermore, Nelson et al. (18) used a toluene dioxygenase mutant strain and revertant strains to implicate toluene dioxygenase in TCE metabolism by P. putida Fl. Considerable information is available on the biochemistry and genetic regulation of toluene dioxygenase in P. putida Fl (6, 11, (22) (23) (24) , making this organism the best choice for making inroads in discovering the molecular basis of bacterial TCE degradation. In this study, we use additional mutants to support the demonstration that toluene dioxygenase catalyzes degradation of TCE, compare rates of TCE degradation by P. putida Fl with that of a methanotroph, determine whole-cell initial rates as a function of TCE concentration, and examine the biodegradative potential of P. putida Fl with the full suite of chlorinated ethylenes.
MATERIALS AND METHODS
Materials. TCE, 1,1-dichloroethylene, cis-1,2-dichloroethylene, trans-1,2-dichloroethylene, tetrachloroethylene, and 1,2-dibromoethane ( Organisms and culture conditions. The strains used in this study are listed in Table 1 . To generate cell mass for TCE transformation studies, P. putida F strains were grown on a mineral salts medium (20) containing 0.2% (wt/vol) L-arginine with toluene supplied in the vapor phase as described previously (3) . Typically, 100-ml cultures in 500-ml Erlenmeyer flasks were grown at 30°C with shaking at 180 rpm. The revertant strain P. putida F4a was generated by inoculating P. putida F4 into mineral salts medium containing 0.02% (wt/vol) arginine and toluene supplied as before. The culture was grown to late exponential phase and transferred into fresh growth medium until a yellow color appeared in the culture filtrate, indicating that toluene was being oxidized to produce 2-hydroxy-6-oxo-2,4-heptadienoic acid. Organisms were plated onto mineral salts solid medium containing 2% (wt/vol) agar with toluene supplied in the vapor phase as described previously (3) . A large colony was picked and designated P. putida F4a. Methylosinus Quantitative determination of TCE degradation. P. putida F strains were grown as described previously to a turbidometric density at 600 nm of 1.3 to 1.5. M. trichosporium OB3b was used for biotransformation after attaining an optical density at 600 nm of 0.25 to 0.30. Cultures were harvested by centrifugation at 8,000 x g for 10 min. Cell pellets of P. putida strains were suspended in mineral salts medium (19) containing 0.2% (wt/vol) L-arginine to an optical density at 600 nm of 1.0. M. trichosporium OB3b was suspended in fresh Higgins medium (4) to a turbidometric density at 600 nm of 1.2. Addition of methanol, formate, or methane was observed not to enhance TCE degradation, so these carbon sources were not added to reaction mixtures in the experiments described.
A 2-ml amount of the respective cell suspensions was dispensed into 10-ml (total volume) heavy glass vials that were crimp-sealed with an inert rubber septum (American Scientific Products, Bedford, Mass.). The sealed cultures were equilibrated at 30°C on a shaker platform operating at 180 rpm. A 5-pd sample of an appropriate TCE stock solution in p-dioxane was added by injection through the septa with a gas-tight syringe (Hamilton, Reno, Nev.). After incubation of the inverted vial for a given length of time, reactions were quenched by the addition of 1 ml of n-pentane containing 1 ppm EDB. EDB was added as an internal standard to correct for losses in work-up and for injection imprecision. The sealed vials were centrifuged at 5,000 x g for 10 min to pellet the cells and to aid in the separation of the pentane phase. Thereafter, approximately 1 ml of the organic phase was transferred to a septum-sealed 1-ml autosampling vial. Injections of 1 1LI were routinely made for GC analysis. Typical 0-min incubations, which were always performed as controls, gave TCE recoveries of 85 to 90%. These zero-time controls served as the baseline for monitoring TCE disappearance over time. In some experiments, cells that were boiled for 10 min were also used as an additional control. The data represent an average of triplicate determinations, and standard deviations were always less than +8% in these experiments.
A difficulty that arises in rate studies on TCE degradation is the absolute concentration of TCE available to bacterial cells. The application of Henry's Law allows one to estimate that approximately 30% of the added TCE is in the liquid phase in these experiments. Note that the relevance of this calculation is affected by the deviation of TCE from behavior as an ideal gas, the likelihood that TCE will partion into bacterial cells, which would increase the effective concentration in the liquid phase, and the potential for adsorption of TCE onto the surfaces of the reaction vessel. These parameters, which pose a difficult analytical problem, prompted us to conduct and report our experiments in the following manner. First, all incubations were conducted in identical 10-ml reaction vials containing 2 ml of liquid and shaken at the same speed. Second, all concentrations of TCE are expressed as molar concentrations, with the total TCE added calculated as being in the 2-ml liquid phase. Since the observed extent of degradation is far in excess of the initial soluble TCE concentration, equilibration of TCE between gas and liquid phases must be occurring during the course of degradation. The possible effect of mass transport of TCE into the liquid phase in limiting biodegradation is further examined in the Results and Discussion sections.
Quantitative determination with other olefinic substrates. Incubations with other substrates were conducted as described for TCE. All were added from p-dioxane stock solutions to a final olefine concentration of 20 ,uM, except ethylene, which was injected directly as a gas to concentrations (in a volume of 2 ml) of 20 FM, 200 ,uM, or 2 mM. Work-up and GC were conducted as for TCE, except that direct headspace analysis was conducted with ethylene and the GC was operated with a flame ionization detector.
Protein determinations. The cell suspensions from an incubation mixture were solubilized by diluting 1:1 with 2 N NaOH and heating to 85°C for 10 min. The liberated protein level was determined by the Bradford assay (2) and calibrated with stock concentrations of carbonic anhydrase which had been carried through NaOH and heat treatment in parallel.
RESULTS TCE metabolism by mutants derived from P. putida Fl. A previous study by Nelson et al. (18) implicated toluene dioxygenase in the degradation of TCE by P. putida Fl. In that study, the wild-type strain and two mutants were incubated with TCE for 24 h. A toluene dioxygenase mutant, P. putida F106, showed only a 22% decrease in TCE compared with that in a control incubation without cells, whereas the wild type displayed complete removal of TCE. We sought to confirm and expand on these data by conducting 0-and 1-h incubations, by using pentane extraction of total reaction mixtures to obtain highly reproducible comparisons, and by examining additional mutant strains. The strains used were wild-type P. putida Fl, P. putida F106, two additional todC (toluene dioxygenase) mutants, a revertant strain, P. putida 4a, and a catechol 2,3-dioxygenase mutant, P. putida F7 (Table 1 and Fig. 1 ).
In these experiments, in which extraction efficiencies ranged from 85 to 90%, there was no discernible decrease in TCE concentration with heat-killed wild-type cells or with the three todC mutants ( recoveries of TCE from vials containing sterile medium alone, ruling out the possibility that sorption to cells makes TCE inaccessible to pentane extraction. In contrast to the controls and the todC strains, the wild-type strain, the todE mutant, and the todC revertant all clearly degraded TCE, as indicated by a 51 to 63% decrease in pentane-extractable TCE. Note that strain P. putida F4a was demonstrated to express in vivo toluene dioxygenase activity comparable to that of the wild type by its ability to oxidize indole to indigo, a reaction catalyzed by toluene dioxygenase (5). The three todC mutants did not form indigo from indole. The complete correlation of indigo-producing activity with TCE-biodegrading ability points to toluene dioxygenase as the common enzyme responsible for both transformations.
Time course of TCE degradation by P. putida Fl and M. trichlosporium OB3b. In previous studies with mixed and pure cultures (1, 7, (16) (17) (18) , TCE degradation has been accessed over periods greater than 1 h. Since P. putida Fl degraded a significant quantity of TCE in 1 h, it was important to examine the kinetics of substrate disappearance further and to compare the rate with that in another class of bacteria, the methanotrophs, which have been implicated in TCE degradation (Table 1) . In this experiment, the biodegradation of TCE by P. putida Fl and M. trichosporium OB3b was followed for 6 h (Fig. 2) . Overall, the extent of biodegradation of TCE over the time course was greater with P. putida Fl. However, it should also be noted that the progress curves of TCE disappearance were quite different. With P. putida Fl, the initial rate of degradation was comparatively great but fell off to less than 2% of the initial rate after 20 min (Fig. 2, inset) . In contrast, M. trichosporium was slower but more substained in its biodegradative activity. Note that a similar decline in the TCE degradation activity of P. putida Fl over time was observed by monitoring the TCE concentration in the headspace of the incubation mixture. This result precluded the possibility that the rate decrease was due to very slow equilibration of TCE between the gas and liquid phases that would keep TCE unavailable to the organism, which is confined to the liquid phase.
Initial rates of TCE degradation. The rapid initial rate of degradation of TCE by P. putida Fl reflects the maximal biodegradative potential of this organism under the conditions used. In order to begin to develop insights into in vivo kinetics of TCE disappearance, 5-min assays were conducted at various TCE concentrations. A 5-min sampling point, at which time approximately 10 to 20% of the TCE had been consumed, offered the best compromise for accurate analytical determination of TCE disappearance and for estimation of an initial rate at a given substrate concentration (Fig. 2, inset) . In this manner, initial rates were determined at 8, 20, 80, and 320 ,uM TCE. The rate of TCE degradation was linear with respect to substrate concentration over the range from 8 to 80 ,uM (1.05 to 10.50 ppm) but was below detectable limits at 320 ,uM (Fig. 3) . The (5), and to catalyze benzylic monooxygenation of indan (26) . Thus, it was of interest to determine the range of chlorinated olefins oxidized by toluene dioxygenase in an effort to understand this enzyme better as well as to establish the biodegradative potential of P. putida Fl with this class of compounds. In this context, ethylene and the full set of chlorinated ethylenes were examined as substrates for degradation by this organism (Table 3) .
Clearly, TCE and cis-1,2-dichloroethylene were the best in vivo substrates for biodegradation. In contrast, the two other isomeric dichloroethylenes were degraded to lesser extents in these 1-h incubations. The 2% decrease in tetrachloroethylene is within the statistical error of these determinations, and thus, degradation of this substrate was insignificant under these experimental conditions. Degradation of vinyl chloride, as determined by pentane extraction and direct headspace analysis, was not observed. Ethylene disappearance was not observed upon incubation with P. putida Fl at 20, 200, or 2,000 ,uM concentrations. degradation by P. putida F1 (18) . In the present study, data obtained with additional mutants and use of the indigo assay to demonstrate in vivo toluene dioxygenase activity support the conclusion that toluene dioxygenase is required for TCE degradation by P. putida Fl. All of the TCE-negative strains were defective in todC, which encodes the oxygenase (USPTOL) component of toluene dioxygenase (Fig. 1) . It should be noted that ISPTOL is composed of two distinct subunits (22) , and genetic evidence shows that these are encoded by separate genes (B. A. Finette, G. J. Zylstra, and D. T. Gibson, unpublished data). At this time it is not possible to determine whether expression of one or both genes is required for TCE degradation. This report also initiates comparisons of the TCE-biodegradative potential of pure cultures by examining the catalytic activities of P. putida Fl and M. trichosporium OB3b under identical conditions. Previously, all rate studies of TCE biodegradation have been conducted with soils or mixed microbial cultures (1, 7, 13, 19, 25, 28) . In those studies with aerobic mixed cultures and with anaerobic consortia, it is unclear what proportion of the total biomass is represented by TCE-degrading organisms. Hence, it is difficult to compare previous kinetic data spanning hours and days with the rate data determined in the present study expressed as nanomoles per minute per milligram of cell protein. Furthermore, significant differences in the progress curves of TCE disappearance were observed in this study with P. putida Fl and M. trichosporium OB3b. Clearly, more comparisons with these organisms under various conditions and with additional bacterial isolates are germane to our continuing efforts to obtain an optimal system for bacterial TCE degradation.
Another point relevant to biodegradation of complex mixtures of compounds is the overall substrate range of toluene dioxygenase. In this context, other chlorinated olefins were examined to provide a baseline for further studies on the biodegradation of multiple substrates. For example, P. putida Fl oxidizes TCEs and dichloroethylenes (this study), substituted benzenes (10), and 3-methylcyclohexene (29) , as well as fused and heterocyclic ring systems (5, 26) . In the presence of a number of these compounds, the course of biodegradation will depend on relative binding affinities and turnover numbers of the substrates with toluene dioxygenase and/or transport system(s). Thus, further rate studies with various substrates of toluene dioxygenase are required in order to allow predictions of biodegradation kinetics of complex mixtures by P. putida Fl.
The elucidation of TCE degradation rates is rendered difficult by uncertainties in determining the actual concentrations of TCE available to cells at a given time during assay. This physical problem, which is a complex function of water and headspace volumes, cell mass, glass reaction vessel surface area, and agitation rates, was dealt with by holding these parameters constant (12) . A second phenomenon is the decrease in the rate of the reaction that was observed during the course of TCE metabolism (Fig. 2) . This could not be explained as being due to slow equilibration between the gas and liquid phases, as headspace monitoring of reactions showed the same loss of activity, as was determined in the experiment shown in Fig. 2 
